Introduction
As reported earlier (Brü ggemann et al., 1993) , injection K ϩ channels exhibit diverse physiological and pharmaof eag RNA led to a delayed rectifier-like K ϩ current cological properties and play crucial roles in an array of with no marked inactivation and ShB RNA produced functions among different cell types (Hille, 1992; Rudy, a transient, inactivating A-type K ϩ current in oocytes. 1988). A number of genes encoding voltage-gated K ϩ Coinjection of both eag and ShB RNAs induced both channel subunits have been identified. Mutations of transient and sustained components, with their proporthese genes in Drosophila lead to specific defects in tions dependent on the ratios of the eag and ShB RNAs several identified K ϩ currents. For instance, Shaker muinjected ( Figure 1A ). The inactivation kinetics of the trantations (Sh) specifically abolish or alter the transient sient component resulting from eag and ShB coinjection inactivating current I A (Salkoff and Wyman, 1981; was markedly faster than the ShB current. In addition al., 1983; Wu and Haugland, 1985) , and slo mutations a to the striking differences in the rapid inactivation, there fast Ca 2ϩ -activated K ϩ current I CF (Elkins et al., 1986 ; was also a less pronounced, but noticeable, discrep- Singh and Wu, 1989) . Molecular studies of Shaker K ϩ ancy in the rise and peak time. If the eag and ShB channel subunits (Iverson et al., 1988; Pongs et al., 1988;  subunits form only two separate homomultimeric chan- Schwarz et al., 1988) have revealed features common nels, it should be possible to fit the resultant waveform to other voltage-gated K ϩ channel ␣-subunits, including by a linear summation of eag and ShB currents. The slo, Shab, Shal, Shaw, and eag, each containing six weighted eag and ShB components were summed to putative transmembrane domains and a pore-forming simultaneously fit the peak and steady-state levels of region (Atkinson et al., 1991; Warmke et al., 1991 ; Wei the coexpressed current ( Figure 1B ). Such linear sumet al., 1990) . In Xenopus oocytes, individual types of K ϩ mations failed to reproduce the observed faster inactivachannel subunits form functional homomultimeric chantion time course regardless of the weighting factors nels, most likely as tetramers (MacKinnon, 1991) . It has used. The faster inactivation of the coexpressed current been demonstrated that splicing variants of the Shaker ( Figure 1B , trace a) is also evident when the eag compogene can coassemble into functional heteromultimeric nent (trace c) is subtracted (traces a-c) and compared K ϩ channels (Isacoff et al., 1990; McCormack et al., with the ShB component (trace d). The effect of en-1990). However, subunits in the four closely related hancement of current decline by coinjection was consisShaker subfamilies, Sh, Shab, Shal and Shaw, with about tently observed in all 61 oocytes in six batches with 40% amino acid identity, fail to form heteromultimeric different expression efficacies, as well as in the averchannels and produce functionally independent ionic aged currents using all samples. The accelerated current decline was observed regardless of the amplitudes current families in oocytes (Covarrubias et al., 1991) . (C) Normalized peak current-voltage curves for the eag currents (squares), ShB currents (open circles), and for the coexpressed currents in the same batch of injection (filled circles). SEM from the number of oocytes indicated is small and masked by the symbols. The currents were elicited by pulses to the voltages indicated from Ϫ90 mV. (D) Scaled macro-patch recordings of K ϩ currents from oocytes injected with eag RNA, ShB RNA, and eag and ShB RNAs together, in response to pulses to ϩ50 mV from Ϫ100 mV. The eag component in the coexpressed current is not obvious because the eag component was small and slow to activate. The presence of the eag component in the coexpressed current was verified by inactivating the transient current by a depolarizing prepulse (data not shown). (E) Acceleration of inactivation time constant by coexpression. The inactivation time course between 3 and 50 ms after the pulse onset was fitted with a simple exponential and the time constant values are shown using the boxplot. The open circles represent the outliers. The two means are significantly different (two-sample t test, p ϭ 0.0024).
of the ionic currents expressed and the voltage level of
The acceleration of inactivation was observed at all voltages examined (Ϫ20 to ϩ50 mV) and is not likely to the depolarizing pulses, indicating that the observed effects are not caused by the series resistance error be a secondary effect of acceleration of the activation process. The accelerated current decline was observed ( Figure 1A) .
Because the inactivation kinetics of the ShB channel is at the voltages where rates of both activation and inactivation approach the asymptotes (cf. Figure 6C ). Our fast, macro-patch recordings were performed to assess more accurately the effects of eag expression on the observations suggest that the coexpression of eag and ShB RNAs may also, to a lesser extent, affect the activatime course of the current decline ( Figure 1D ). The relative expression level of the eag subunit was adjusted tion time course ( Figure 1B ). Nevertheless, coexpression did not markedly affect the peak current-voltage relato allow determination of the time constant of the current decline. Functional expression of noninactivating eagtionship ( Figure 1C ). We also examined the effects of eag coexpression on like channels was confirmed by inactivating the transient component with depolarizing prepulses. The macroanother splicing variant of Sh. The ShB and ShD subunits differ in the distal amino terminus segment but share patch data confirm the two-electrode voltage-clamp results showing that the eag coexpression significantly the remaining amino terminus, core, and carboxyl segments. These two subunits share the segment shown decreased the time constant of the current decline (twosample t test, p ϭ 0.0024, Figure 1E ).
to be important in the multimeric channel assembly (Li et was injected only after Shaker channels had already formed (3 days after RNA injection, Figure 3A ). The time course of current decline of the sequentially expressed al., 1992). The inactivation time courses of the transient currents recorded from the oocytes injected with ShD current was virtually indistinguishable from that of the ShB current, and a linear summation of the ShB and eag RNA alone and with both ShD and eag RNAs together are compared in Figures 2A and 2B . Unlike the results waveforms well fit the current obtained from sequential injection ( Figure 3B , traces a and b). Subtraction of the obtained with ShB and eag, the linear summation of the ShD and eag components did not indicate enhanced eag component from the sequentially expressed current ( Figure 3B , trace d) also fits the ShB component well inactivation regardless of the eag expression level. The results suggest that the amino terminus of the ShB may (trace c), and this validates the use of this subtraction method (see Figure 1 ). These results indicate that the be important in the interaction with the eag subunit.
The effect of coexpression on inactivation of the ShB nonadditive interaction between eag and Shaker subunits requires simultaneous expression of the two subcurrent is specific to eag. The Arabidopsis KAT1 polypeptide is closely related to the eag polypeptide in the unit types, and is consistent with the formation of heteromultimeric channels. deduced amino acid sequence, but the homomeric KAT1 K ϩ channel currents are observed in response to ShB channels show two types of inactivation known as N-and C-type inactivation (Hoshi et al., 1991) . In ShB, hyperpolarization Schachtman et al., 1992) . We found that coinjection of KAT1 and ShB N-type inactivation is responsible for the fast early phase of the current decline and C-type for the slower late C-type inactivation was not markedly affected by coexpression in the following experiment. The ShB⌬N: T449K subunit has a large deletion in the amino terminus and 2A suggest the importance of the amino terminus, which is involved in N-type inactivation (Hoshi et al., to disrupt N-type inactivation, and threonine 449 in the P-segment is mutated to lysine to accelerate 1990). Site-directed mutagenesis was used to examine whether both N-and C-type inactivation mechanisms C-type inactivation to an experimentally more manageable range (Lopez-Barneo et al., 1993) ( Figure 5 ). The are equally affected by coexpression. To investigate directly the effects of coexpression on N-type inactivaweighted waveform obtained from a linear summation of the eag and ShB⌬N:T449K currents well fit the late tion, C-type inactivation was disrupted by substituting threonine 449 in the P-segment with valine (ShBT449V) phase ( Figure 5B , traces a and b). A small discrepancy was revealed in the rising phase by the subtraction (Lopez-Barneo et al., 1993) . Representative traces of the individual eag and ShBT449V currents and the commethod ( Figure 5B , traces c and d), which could be attributed to differences in the activation kinetics (cf. bined current derived from coinjection are shown in Figure 4 (A and B: two-microelectrode voltage-clamp, C Figure 1 ). Since the decay time course was not substantially altered in the declining phase, the results suggest and D: macro-patch). The ShBT449V currents showed only the fast N-type and not the slower C-type inactivathat coexpression with eag does not alter C-type inactivation but preferentially affects N-type inactivation. tion observed in the wild-type ShB channel, as evidenced by the lack of the slow phase in the current
The eag and Shaker subunits have a similar transmembrane topology. However, the eag polypeptide has decline (Hoshi et al., 1991) . The inactivation time course of the transient current from coinjected oocytes was a much larger putative cytoplasmic carboxyl domain that contains a potential cyclic nucleotide-binding site nearly twice as fast as that of the ShBT449V channel (at ϩ50 mV, ShBT449V: ϭ 8.8 Ϯ 0.8 ms, n ϭ 15;
and several putative protein kinase phosphorylation sites (Griffith et al., 1994; Guy et al., 1991; Warmke et eag,ShBT449V: ϭ 4.89 Ϯ 0.28 ms, n ϭ 16; mean Ϯ component of the outward current was actually reduced ( Figure 6B ). Unlike the wild-type eag, ShB-Ceag produced minimal currents that did not interfere with the measurement of the decay of the transient component (cf. Figure 1 ). This allowed a precise determination of the decay time constant of the coexpressed current. Decay time constant of the coexpressed current was clearly faster at all voltages examined ( Figure 6C ). These results strongly indicate that the putative cytoplasmic carboxyl domain of the eag subunit plays a critical role in the modulation of inactivation in the heteromultimeric K ϩ channels. Effects of coexpression with eag on recovery from inactivation provide further support for the preferential effects on N-type inactivation. N-type inactivation is largely responsible for the early phase of recovery and C-type inactivation for the late phase (Hoshi et al., 1991) . Representative current traces from eag and ShB expression and eag,ShB coexpression in a twin-pulse paradigm are shown in Figure 7A . The time course of recovery of the transient component is presented in a logarithmic plot ( Figure 7B ). It is clear that coexpression of ShB with eag slowed the recovery, with the effect proportionally greater during the early phase ( Figure 7B ). Therefore, both the Shaker channel inactivation and recovery indicate a predominant effect of eag on N-type inactivation. subunits from many different channel families are expressed.
Discussion
Earlier genetic evidence Wu, 1991, 1993 ) has indicated that the Shaker and eag subunits physial., 1991). Thus, we examined the role of the cytoplasmic carboxyl domain of the eag subunit in the interaction cally interact and may form heteromultimeric channels. Combined with these genetic data, the most straightforwith Shaker subunits. We constructed a mutant ShB subunit, ShB-Ceag, in which the cytoplasmic carboxyl ward interpretation of the results presented here is that widely divergent K ϩ channel subunits from eag and domain was replaced with the eag carboxyl terminus. This mutant channel expressed poorly. Only 3 out of 30
Shaker families can coassemble to form functional heteromultimeric channels. Although the possibility that hooocytes examined had currents greater than 0.5 A at ϩ50 mV after injection of ShB-Ceag. (cf. Figure 1A) . The momultimeric eag and Shaker channels might influence each other through colocalization cannot be entirely residual ShB-Ceag currents did not undergo noticeable inactivation (Figure 6 ) even though the subunit still conruled out, a more likely interpretation of the experimental results from examining sequential injection (Figure 3 ) tained the intact N-type inactivation "ball" domain (Hoshi et al., 1990; Zagotta et al., 1990) . When this chimeand subunit unit specificity (Figure 2 ) is that eag and Shaker subunits functionally coassemble. Our results ric channel RNA was coinjected with the wild-type ShB RNA, inactivation kinetics of the transient currents in further extend the earlier in vivo Drosophila studies that indicate that the eag subunit interacts with Shaker subcoinjected oocytes was markedly faster than that of the ShB component (Figure 6 ). The nonlinear interaction units to confer modulatory effects mediated by the eag carboxyl terminus (Griffith et al., 1994; Zhong and Wu, between the two subunits is evident, since the sustained only in the amino terminus, suggests the involvement of the amino terminus. Accelerated N-type inactivation by eag coexpression is not predicted by the current model of Sh channels. Since the ball domain of each of the Shaker subunits appears to work relatively independently and one ball is sufficient to block the channel pore, any heteromultimeric channels containing fewer ball domains are expected to inactivate slower (MacKinnon et al., 1993) . The carboxyl segment of the eag polypeptide may accelerate the inactivation either by influencing the amino-terminal inactivation ball domain or the inactivation ball receptor domain (or both) (Isacoff et al., 1991) .
Additional insights into the biophysical mechanisms of the subunit interaction might be provided by singlechannel recordings of the putative Shaker-eag heteromultimeric channels, although such single channel data do not necessarily address whether the eag and Shaker subunits form heteromultimeric channels . The singlechannel conductance of the ShB channel is roughly 8-10 pS in the voltage range of Ϫ40 to 20 mV with 140 mM K ϩ inside and 2 mM K ϩ outside, although smaller and less well characterized conductance levels exist (Hoshi et al., 1994) . The single-channel conductance of the eag channel is much smaller in the same voltage range, roughly 2 pS with 2 mM K ϩ outside in the cell-attached configuration in the same voltage range (T. H., unpublished data). Although heteromultimeric interactions between the eag and ShB subunits may produce new conductance levels, the fast unresolved closures and openings, plus the subconductance levels of the wildtype ShB channel, made the positive identification of any new conductance levels technically difficult. and Ganetzky, 1992) .
The results presented in this paper point out the im-1991, 1993) . Since the eag carboxyl terminus contains portance of examining the potential interactions among a putative cyclic nucleotide-binding motif and several different channel subunits in our attempt to understand phosphorylation sites (Griffith et al., 1994; Guy et al., channel properties contributing to cellular excitability. 1991; Warmke et al., 1991) , heteromultimeric channels Homomultimeric channels expressed in Xenopus ooinvolving the Sh and eag subunits may introduce novel cytes have provided remarkable insights into the momodulation processes, not seen in homomultimeric lecular and biophysical mechanisms of basic channel Shaker channels (Zhong and Wu, 1993) . Therefore, refunctions. Since some channel subunits may interact gardless of the mechanism of subunit association, funcheteromultimerically to increase functional diversity as tional interactions of subunits across different K ϩ chanshown here and by others (Haugland and Wu, 1990 ; nel families would represent a strategy to increase Isacoff et al., 1990; McCormack et al., 1990 ; Wu and diversity of ionic currents observed in nature, as hypothChen, 1995; Wu and Ganetzky, 1986) , it may be erroneesized previously.
ous to use the information based solely on studies of The exact molecular domains involved in the enhomomultimeric channels in expression systems to exhanced inactivation remain to be elucidated. The differplain neuronal properties and the network performance ential enhancement of the inactivation time course observed in ShB and ShD (Figures 1 and 2) , which differ underlying higher functions of the brain.
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